ABSTRACT We have developed a method for the direct measurement, in eukaryotic cells, of the synthesis of ribosomal proteins, irrespective of the synthesis of ribosomes. In this way the synthesis of ribosomal proteins has been examined in mutant strains of Saccharomyces cerevisiae, which are unable to synthesize ribosomes under nonpermissive conditions. The results suggest that the synthesis of more than 40 ribosomal proteins is under coordinate control. Under nonpermissive conditions, the synthesis of each protein declines exponentially to a basal level which is 10-20% of normal. The kinetics of that decline suggest that an early, if not primary, result of the nonpermissive conditions is the cessation of production of new mRNA for-each of the ribosomal proteins. The coordinate regulation appears not to be influenced directly by the rate of transcription of ribosomal precursor RNA. The eukaryotic ribosome is assembled from several species of RNA, synthesized within the nucleus, and more than 50 proteins, synthesized in the cytoplasm (1). The genetically tractable eukaryote, Saccharomyces cerevisiae, is useful for studying the coordination between such nuclear and cytoplasmic processes. Hartwell and coworkers have identified 10 unlinked genes, rna 2-rna 11, in which temperature sensitive mutants are unable to synthesize ribosomes at the restrictive temperature (2), although protein synthesis continues normally. While such cells continue to transcribe ribosomal precursor RNA at up to 80% of the control rate (ref. 3; R. Shulman, unpublished), the RNA is not properly processed, and is eventually degraded.
the legend to Fig. 2 (4) , where Ai = (3H/14C in ith protein) (3H/"4C in total cell protein)'
In this form, if Ai = 1, the protein was synthesized, in relation to its abundance in the cell, at the same rate as the total cell protein, if Ai < 1, the corresponding rate was less than that of the total cell protein. Since only the 3H/14C ratio of any protein is used as data, the yield of the protein after analysis is not critical.
Analysis of Ribosomal Proteins. To study the synthesis of ribosomal proteins directly, we extracted the total protein complement of the cell and analyzed it by two-dimensional polyacrylamide gel electrophoresis. Because most of the ribosomal proteins are small and basic, they can be clearly separated from nonribosomal proteins (Fig. 1) . The ribosomal proteins in Fig . lb have been designated by numbers and identified with an individual subunit ( Table 1) . We have detected no differences between the ribosomal proteins of the wild type and those of any mutant used in this study. Some (14) . Their proteins were extracted, and 200 Mg were subjected to electrophoresis as described above.
2; Fig. 4 insets). (1, 8) . In order to determine if the data described above were due to lack of synthesis of ribosomal proteins, or to normal synthesis followed by decay, we carried out the experiment described in Fig. 3 and harvested, and the total protein was prepared as described in the legend to Fig. 1 . The protein was mixed with marker ribosomal protein and electrophoresed as described in Fig. 1 . Spots corresponding to ribosomal and nonribosomal proteins were excised with a cork borer and treated at 600 in capped glass vials with 0.5 ml of 30% H202. Radioactivity was determined in 10 ml ofAquasol (New England Nuclear Corp.). The relative synthetic rate of each protein, Ai, was calculated as described in the text. This is a sample of the data presented in Table 1 .
We conclude that the synthesis of the ribosomal proteins is coordinately repressed at the restrictive temperature.
Kinetics of Inhibition of Ribosomal Protein Synthesis. To provide some insight into the mechanism by which the coordinate control of ribosomal protein synthesis occurs, we have studied the kinetics of the inhibition of ribosomal protein synthesis when a mutant is shifted from the permissive to the restrictive temperature (Fig. 4) . In the wild type, although the nonribosomal proteins continue to be made at a relatively normal rate, there is a transient inhibition of the synthesis of ribosomal proteins (Fig. 4a) . This finding is consistent with earlier reports of a transient inhibition of ribosome synthesis after a temperature increase (3) .
In cells carrying the mutation in rna 2, the synthesis of nonribosomal proteins continues normally, whereas the syn- (1 mg/ml). Aliquots were removed during the pulse and the chase, Ribosomal protein synthesis was followed as described in Fig. 2 thesis of the ribosomal proteins continuously declines, reaching roughly 10% of the original rate by 60 mm (Fig. 4b) . Substantially the same results were obtained for all the proteins listed in Table 1 (9) . As a result, overall cytoplasmic protein synthesis declines at roughly the same rate. The decline of synthesis of individual ribosomal proteins under these conditions (Fig. 5 ) parallels that observed for the mutant in rna 2 (Fig. 4b) . Fig. 6 Table   1 . The inset shows the 3H/14C ratio in total cellular protein.
proteins of yeast is coordinately regulated and that there exist genetic loci that govern the expression of this control. The decline in synthesis of ribosomal proteins in the mutant under nonpermissive conditions continues until it reaches 10-15% of normal at 330 (Fig. 4b) , or 5-10% of normal at 360. This could represent either a basal level of synthesis or residual leakiness of the mutant.
Although we have not ruled out some form of translational control, the data suggest that mutations in genes rna 2 and rna 9 affect the synthesis of ribosomal proteins at the level of mRNA production, since the decline of ribosomal protein synthesis in the mutant closely parallels that brought about by an inhibition in mRNA synthesis (Fig. 6) .
The transient inhibition of synthesis of ribosomal proteins that occurs in the wild type (Fig. 4a) is also coordinate. It differs from the situation in the mutants in that the initial rate of decline is significantly steeper, and the synthesis of the exceptional proteins, e.g., 3, 16, and 39 is also affected.
Are Genes rna 2 and ma 9 Regulatory Genes? The data Proc. Nati. Acad. Sci. USA 73 (1976) (Fig. 4b) , and ts 136 at 36° (Fig. 5) were plotted in semilogarithmic form as in Fig. 6 . The slope of the linear decline was determined by least squares analysis and converted to the time (in minutes) required for 50% reduction, tL/2. discussed above suggest that the products of genes ma 2 and rna 9 are essential for the transcription or processing of new mRNA for ribosomal proteins. On the other hand, although transcription and methylation of ribosomal precursor RNA continue almost normally at the restrictive temperature, the processing of 35S RNA declines with the same kinetics as does the synthesis of ribosomal proteins (3) . Since the production of mRNA for ribosomal proteins appears to cease almost immediately (Fig. 6) , it seems unlikely that aberrant processing of 35S RNA could be involved in its regulation. Rather, the maturation of 35S RNA appears to be dependent on a continuous supply of new ribosomal proteins. Even the transient inhibition of processing in the wild type at the higher temperature (3) reflects closely the rate of ribosomal protein synthesis seen in Fig. 4a .
These points suggest that genes ma 2 and ma 9 probably do not code for ribosomal proteins or for processing enzymes but' are regulatory genes. They may serve as a model system for the coordinate control of large numbers of unlinked genes, as might occur during the differentiation of a tissue.
Exceptional Proteins. Several proteins listed in Table 1 behave aberrantly. Of these, proteins 16, 3, and perhaps 14 are unusual because they undergo exchange with mature ribosomes (10) . Proteins 3 and 14 are phosphorylated, corresponding to proteins P1 and P3 described previously (10) . Protein 9 is also a phosphorylated protein that is analogous to protein S6 of rat liver (10, 11) . Although the synthesis of protein 9 appears to be controlled coordinately with that of the other ribosomal proteins (Table 1) its high value of Ai is due to our measuring the precursor, nonphosphorylated form.
